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Energy distribution curves from La and Pr were taken from 32 to 80 eV photon energies.
Above 50 eV the valence-band photoemission in La is very weak, implying that previous
studies of Ce have underemphasized the 4f contributions. Pr exhibits two peaks attributable
to 4f electrons, similar to the structures in Ce.
PACS numbers: 79.60.Cn
The valence-band photoemission of Ce, ' and its
compounds and alloys, exhibits two peaks attri-
buted to 4f emission. To determine whether Ce is
unique, it is useful to study the neighboring ele-
ments, La and Pr. We have done so, using the
same techniques applied previously to y- and o.-
Ce, ' obtaining two new results that place the pho-
toelectron spectra of Ce in better perspective.
The 4f and valence electrons (derived from the
Sd, 6s, and 6p electrons) overlap in the photoemis-
sion spectrum of Ce. The problem has been to
separate the two contributions, on the assumption
that the two types of states do not hybridize enough
to make such a separation meaningless. The two
4f-related features were isolated in cerium by sub-
traction techniques in which energy distribution
curves (EDC's) at two photon energies were nor-
malized at a binding energy for which there was no
apparent 4f character in the EDC, and then a differ-
ence curve was produced. ' 5. A more accurate
technique would be to take the difference between
Ce (4f') and La (4f ) EDC's, although the crystal
structures are different. We find in La that the 5d,
6s, and 6p photoelectron cross sections fall to negli-
gibly small values at photon energies where the 4f
cross section in Ce is still large. This means that
the subtraction methods used previously to em-
phasize the 4f contribution to the Ce spectrum ac-
tually overcorrected for the non-4f-electron contri-
bution.
The Pr spectra show two features attributable to
4f-electron emission, one at 3.6 eV, in agreement
with x-ray photoemission spectroscopy results, and
a new feature at about 0.75-eV binding energy,
analogous to the peak in Ce which is near the Fermi
level.
The experiments were carried out with the ap-
paratus described previously. ' Samples of La and
Pr were obtained from the Ames Laboratory and
outgassed extensively in a vacuum of 1&&10
Torr. Films were evaporated onto substrates at ap-
proximately O'C to slow the diffusion of contam-
inants to the surface. The photoelectron spectra
were measured for a series of photon energies, with
synchrotron radiation from the storage ring Tan-
talus at the Synchrotron Radiation Center of the
University of Wisconsin, Madison. The light was
monochromatized by a grasshopper grazing-
incidence monochromator and the photoelectrons
were analyzed by a commercial double-pass
cylindrical-mirror analyzer. The total resolution for
the spectra displayed is about 0.25 eV. The oxygen
2p emission was monitored and is barely visible in
the spectra we present.
Figure 1 shows the EDC's for La obtained over a
range of photon energies. The EDC's have been
corrected for changes in incident photon flux at the
various photon energies. As the energy increases,
the valence-electron photoexcitation cross sections
fall to very small values. The significant point is
that while the magnitudes of the EDC's change
with energy, the shapes do not change. This is not
the case for the Lap 9Thp i data presented in Ref. 5,
in which a peak at —1 eV grew as the photon ener-
gy increased. The lack of shape changes in the
EDC's means that band-structure effects play little
role at these high photon energies. The inset of
Fig. 1 shows the logarithm of the integrated area of
each EDC. Notice that the intensity at 60 eV is two
orders of magnitude smaller than the intensity at 32
eV. The cross sections at higher photon energies
are determined primarily by the part of the radial
wave function within the atom. Hybridization ef-
fects should not be large there, and so we expect
the large falloff in the valence electron photoelec-
tron cross section for double hcp La to be applicable
to fcc Ce as well. The addition of the 4f electron in
Ce should not cause a problem since the Sd 6s occu-
pancy remains essentially unchanged, even if Ce
has a 4f count of only 0.8 electron.
The La spectra indicate that at a photon energy of
60—80 eV, very little of the photoemission in y- and
o.-Ce (and in many Ce compounds and alloys)
come directly from the valence electrons. The sub-
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FIG. 3. Same as Fig. 2, but with an expanded scale.
results.
In summary, we have shown that the Sd, 6s, and
6p photoionization cross sections in La are extreme-
ly small for photon energies above 40 eV, presum-
ably remaining small until the 4d threshold near 100
eV. This means that previous studies of the 4f
photoemission in light rare earths have underem-
phasized the contributions of the 4f electrons to the
spectra. Moreover, the 4f electrons are seen to
contribute to the EDC's in the region between the
two observed peaks in Pr, as well as in Ce. The fact
that such 4f spectra are seen in both elements raises
questions about the necessity of having the 4f level
near the Fermi level in order to yield such a com-
plex 4f spectrum.
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operated for the U.S. Department of Energy by
Iowa State University under Contract No. W-7405-
ENG-82. This work was supported by the U.S. Of-
fice of Basic Energy Sciences.
in a Pr09Tho~ alloy, but it was believed to arise
from valence electrons at the time.
There are two models for the two-peak contribu-
tion of the 4f electrons to the photoelectron spec-
trum in Ce. One emphasizes the 4f Sd hybridiza--
tion, while the other emphasizes the 4f Sd-
Coulomb interaction, with the hybridization, treat-
ed as small, added later. The latter picture easily
allows a two-peak structure for the 4f contribution
to the EDC in Pr. It is less obvious that the former
picture does so as well. With reasonable parame-
ters, ' the one-electron picture of a discrete level
hybridizing with a partly filled band can yield a
two-peak structure resembling that in Pr. If the
subsequent many-body effects do not alter the spec-
tral function too much, the model of Ref. 7 could
also account for the double peak. A third model for
the Ce EDC involves a Ce 4f radial wave function
which is not the usual one. " If it can be applied to
Pr, it appears to yield a second peak, if present, at
or near the Fermi level, ' in disagreement with our
~D. Wieliczka, J. H. Weaver, D. W. Lynch, and C. G.
Olson, Phys. Rev. B 26, 7056 (1982).
A. Franciosi, J. H, Weaver, Nils Martensson, and
M. Croft, Phys. Rev. B 24, 3651 (1982).
D. J. Peterman, J. H. Weaver, and M. Croft, Phys.
Rev. B 25, 5530 (1982).
4N. Martensson, B. Reihl, and R. D. Parks, Solid State
Commun. 41, 573 (1982).
5R. D. Parks, N. Martensson, and B. Reihl, in Valence
Instabilities, edited by P. Wachter and H. Boppart
(North-Holland, Amsterdam, 1982), p. 239.
6S. H. Liu and K.-M. Ho, Phys. Rev. B 26, 7052
(1982).
70. Gunnarsson and K. Schonhammer, Phys. Rev. B
28, 4315 (1983).
J. K. Lang, Y. Baer, and P. A. Cox, J. Phys. F 11, 121
(1981).
S. H. Liu and K.-M. Ho, Phys. Rev. B 28, 4220
(1983).
J. W. Allen, private communication.
M. Schluter and C. M. Varma, in Valence Instabilities,
edited by P. Wachter and H. Boppart (North-Holland,
Amsterdam, 1982), p. 259.
' C. M. Varma, private communication.
2182
